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Six Escherichia coli and 12 Klebsiella pneumoniae isolates from a single hospital expressed a common
b-lactamase with a pI of approximately 9.0 and were resistant to cefoxitin and cefotetan (MIC ranges, 64 to
>128 and 16 to >128 mg/ml, respectively). Seventeen of the 18 strains produced multiple b-lactamases. Most
significantly, three K. pneumoniae strains were also resistant to imipenem (MICs, 8 to 32 mg/ml). Spectropho-
tometric b-lactamase assays with purified enzyme indicated hydrolysis of cephamycins, in addition to cepha-
loridine and benzylpenicillin. The gene encoding the pI 9.0 b-lactamase (designated ACT-1 for AmpC type) was
cloned and sequenced, which revealed an ampC-type b-lactamase gene that originated from Enterobacter cloacae
and that had 86% sequence homology to the P99 b-lactamase and 94% homology to the partial sequence of
MIR-1. Southern blotting revealed that the gene encoding ACT-1 was on a large plasmid in some of the K.
pneumoniae strains as well as on the chromosomes of all of the strains, suggesting that the gene is located on
an easily mobilized element. Outer membrane protein profiles of the K. pneumoniae strains revealed that the
three imipenem-resistant strains were lacking a major outer membrane protein of approximately 42 kDa which
was present in the imipenem-susceptible strains. ACT-1 is the first plasmid-mediated AmpC-type b-lactamase
derived from Enterobacter which has been completely sequenced. This work demonstrates that in addition to
resistance to cephamycins, imipenem resistance can occur in K. pneumoniae when a high level of the ACT-1
b-lactamase is produced in combination with the loss of a major outer membrane protein.

Functional group 1 b-lactamases are described as cephalo-
sporinases which are not inhibited by clavulanate (6). Origi-
nally, these enzymes were naturally occurring, chromosomally
encoded AmpC b-lactamases found in genera such as Entero-
bacter, Citrobacter, Serratia, and Pseudomonas. The genes en-
coding these enzymes were found on the chromosome and are
inducible by certain b-lactam antibiotics (36). However, in
recent years some of these genes have found their way onto
plasmids and are being expressed constitutively at high levels in
Klebsiella pneumoniae and Escherichia coli. Whereas the ex-
tended-spectrum b-lactamases in these organisms confer resis-
tance to the expanded-spectrum b-lactam antibiotics such as
ceftazidime, cefotaxime, and aztreonam, the plasmid-mediated
AmpC-type enzymes also confer resistance to the cephamy-
cins. The first of these to be described was the MIR-1 enzyme
which, on the basis of a partial DNA sequence, appears to have
originated from the AmpC b-lactamase of Enterobacter cloacae
(28). Since that time a number of other enzymes such as BIL-1
(11, 29), CMY-1 (2, 4), CMY-2 (3), LAT-1 (40), LAT-2 (13),
FOX-1 (14), and MOX-1 (16, 17) have been described. These
enzymes are now being found on plasmids with increasing
frequency. In a recent survey, Jacoby et al. (18) described
transmissible AmpC-type enzymes in isolates from 8 of 20
centers across the United States. Previously, all of the isolates
of K. pneumoniae and E. coli expressing plasmid-mediated

AmpC-type b-lactamases have remained susceptible to imi-
penem.
The New York Hospital Medical Center of Queens (NYH

MCQ) in Flushing, N.Y., has had a history of patients’ isolates
expressing extended-spectrum b-lactamases. In a 19-month pe-
riod from 1988 to 1990, more than 400 strains of K. pneu-
moniae which expressed the TEM-26 b-lactamase were iso-
lated (26, 41). These strains were resistant to ceftazidime and
aztreonam. Subsequently, ceftazidime usage was restricted in
this hospital. In 1993 cefotaxime resistance was observed in
several strains of E. coli which were found to produce the
SHV-7 b-lactamase (5). In addition, one strain was also found
to express TEM-10, which was the third extended-spectrum
b-lactamase to be found in isolates from this hospital (5). In
response to the problem of extended-spectrum b-lactamases,
the use of cefotetan was continued at NYHMCQ as an alter-
native to imipenem. However, in this study, we report on an
outbreak of E. coli and K. pneumoniae strains which are resis-
tant to cefoxitin and cefotetan by the acquisition of a novel
plasmid-mediated AmpC-type b-lactamase designated ACT-1.
In addition, three of the K. pneumoniae isolates producing
ACT-1 were also resistant to imipenem because of the loss of
an outer membrane protein.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains and plasmids used in this study are
listed in Table 1. The E. coli and K. pneumoniae strains were cefoxitin- and
cefotetan-resistant clinical isolates from NYHMCQ. E. coli BAR207 and DH5a
were used as recipients in mating and transformation experiments.
Identification and susceptibility tests. Initial identification and susceptibility

testing of the clinical isolates were performed by traditional tube biochemical
tests and Bauer-Kirby disk diffusion tests in the clinical laboratory. In the refer-
ence laboratory identification of the clinical isolates was performed with the
API-20E identification system (bioMérieux-Vitek, Hazlewood, Mo.). The iden-
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tification of K. pneumoniae strains which were resistant to imipenem was con-
firmed by whole-cell fatty acid analysis with the MIDI system.
The MICs of various b-lactam antibiotics were determined by broth macrodi-

lution tests by standard methods (27). The following antibiotics (obtained from
the indicated sources) were used: piperacillin (Lederle Laboratories, Pearl River,
N.Y.); tazobactam (Taiho Laboratories, Japan); ticarcillin and potassium clavu-
lanate (Beecham Laboratories, Bristol, Tenn.); sulbactam (Pfizer Inc., New
York, N.Y.); ceftazidime (Glaxo Group Research Ltd., Greenford, England);
cefotaxime (Hoechst-Roussel Pharmaceuticals Inc., Somerville, N.J.); imipenem
(Merck, Rahway, N.J.); aztreonam, cefepime, and benzylpenicillin (Bristol-My-
ers Squibb, Princeton, N.J.); cephaloridine (Eli Lilly, Indianapolis, Ind.); ce-
fotetan (Zeneca Pharmaceuticals, Wilmington, Del.); and cefoxitin (Sigma
Chemical Company, St. Louis, Mo.). Conditions used for testing the b-lactam–
b-lactamase inhibitor combinations were as follows: ampicillin-sulbactam, 2 to 1
ratio of drug to inhibitor; ticarcillin-clavulanate, constant concentration of 2 mg
of inhibitor per ml; piperacillin-tazobactam, constant concentration of 4 mg of
inhibitor per ml.
Isoelectric focusing and b-lactamase assays. Crude preparations of b-lacta-

mases from clinical isolates were obtained from sonic extracts prepared in 0.05
M phosphate buffer (pH 7.0) (7). Isoelectric focusing (IEF) was performed by
the method of Matthew et al. (25) with an LKB Multiphor apparatus with
prepared PAGplates, (pH 3.5 to 9.5; Pharmacia LKB, Piscataway, N.J.). The pH
gradient of the IEF gel was measured with a surface pH electrode. The isoelec-
tric point of each enzyme was confirmed by activity staining with nitrocefin
(Becton Dickinson Microbiology Systems, Cockeysville, Md.) following IEF.
The b-lactamases tested were partially purified by Sephadex G75 chromatog-

raphy in 0.05 M phosphate buffer (pH 7.0) (37). The ACT-1 b-lactamase was
further purified (.95% purity by sodium dodecyl sulfate [SDS]-polyacrylamide
gel electrophoresis [PAGE]) by ion-exchange chromatography on QAE Seph-
adex C-50 (Pharmacia LKB) in 0.05 M phosphate buffer (pH 8.2). Initial hydro-
lysis rates for each substrate were monitored spectrophotometrically at least
twice on separate days as described previously (30), with a coefficient of variation
of 15 to 39%. The computer program ENZPACK (Biosoft, Cambridge, England)

was used to calculate kinetic parameters by using five methods of calculation.
Inhibition studies were as described previously (32).
Nucleic acid techniques. DNA isolation, restriction enzyme digestions, recom-

binant DNA manipulations, and transformations of plasmid DNA were per-
formed as described by Sambrook et al. (35). Plasmids conferring cefoxitin
resistance were transferred from the clinical isolates to a susceptible E. coli host,
strain BAR207, by filter mating. Transconjugants were selected on Luria-Bertani
agar plates containing 25 mg of cefoxitin per ml and 70 mg of 5-bromo-4 chloro-
3-indolyl phosphate (Sigma) per ml. Transconjugants were cefoxitin-resistant
blue colonies. Pulsed-field gel electrophoresis (PFGE) was performed as de-
scribed by Maslow et al. (24) by using a CHEF Mapper apparatus (Bio-Rad
Laboratories, Hercules, Calif.). DNA insert blocks were digested overnight with
XbaI. PFGE strain types were determined by using the criteria of Tenover et al.
(38).
To facilitate nucleotide sequencing, a 6-kb PstI fragment encoding the b-lac-

tamase with a pI of 9.0 from strain MCQ-95 was cloned from a chromosomal
DNA preparation into pCLL2300, a kanamycin resistance-conferring cloning
vector (33), and the resulting plasmid was designated pCLL3414. Sequencing was
initiated with an 18-bp degenerate “guessmer” containing dITP at the degener-
ate bases. The guessmer was derived from a consensus region of AmpC-type
proteins. Subsequently, both strands of the entire b-lactamase gene were se-
quenced with a nested set of custom-synthesized oligonucleotide primers which
were specific for the ACT-1 b-lactamase gene. DNA sequencing was performed
on double-stranded plasmid DNA by using a Sequenase kit (United States
Biochemicals, Cleveland, Ohio) with [35S]dATP label (Amersham, Arlington
Heights, Ill.) according to the manufacturer’s instructions. Regions of compres-
sion were resolved by using C7-deaza deoxynucleoside triphosphates.
Southern blots were performed on plasmid DNA with the Rad-Free kit

(Schleicher & Schuell, Keene, N.H.), which uses a psoralin-biotin label to probe
nucleic acids, according to the manufacturer’s instructions. A 700-bp fragment
internal to the coding region for the ACT-1 b-lactamase gene was generated
from pCLL3414 (Table 1) by PCR.

TABLE 1. Bacterial strains used in study

Strain Organism Plasmid Characteristics pI(s) of b-lactamases PFGE
typea Reference

MCQ-7 E. coli Clinical isolate, urine 5.4, 5.6, 9.0 1 This study
MCQ-11b E. coli Clinical isolate, sputum 5.4, 7.6, 9.0 2 This study
MCQ-13 E. coli Clinical isolate, sputum 5.4, 5.6, 9.0 3 This study
MCQ-14 E. coli Clinical isolate, sputum 5.4, 5.6, 9.0 3 This study
MCQ-17 E. coli Clinical isolate, urine 5.4, 5.6, 7.6, 9.0 4 This study
MCQ-21 E. coli Clinical isolate, urine 9.0 5 This study
MCQ-95 K. pneumoniae Clinical isolate, sputum 5.4, 5.6, 7.0, 7.6, 9.0 I This study
MCQ-102 K. pneumoniae Clinical isolate, blood 5.4, 5.6, 7.6, 9.0 IIa This study
MCQ-103 K. pneumoniae Clinical isolate, urine 5.4, 5.6, 9.0 IIa This study
MCQ-110 K. pneumoniae Clinical isolate, blood 7.0, 7.6, 9.0 IIa This study
MCQ-111 K. pneumoniae Clinical isolate, urine 5.4, 5.6, 7.0, 7.6, 9.0 IIb This study
MCQ-112 K. pneumoniae Clinical isolate, sputum 5.4, 5.6, 9.0 IIa This study
MCQ-113 K. pneumoniae Clinical isolate, urine 5.4, 5.6, 9.0 IIb This study
MCQ-114 K. pneumoniae Clinical isolate, exit site 5.4, 7.0, 7.6, 9.0 III This study
MCQ-117 K. pneumoniae Clinical isolate, sputum 5.4, 5.6, 7.6, 9.0 IIc This study
MCQ-120 K. pneumoniae Clinical isolate, fluid 5.4, 5.6, 7.6, 9.0 IId This study
MCQ-121 K. pneumoniae Clinical isolate, blood 5.4, 7.0, 7.6, 9.0 IV This study
MCQ-122 K. pneumoniae Clinical isolate, sputum 5.4, 7.0, 7.6, 9.0 IV This study
PT4875 K. pneumoniae Imipenem- and cephamycin-susceptible

clinical isolate, blood
7.6 (SHV-1)

DH5a E. coli F2 f80dlacZDM15 D(lacZYA-argF)
U169 recAI endAI hsdR17 (rk

2, mk
1)

supE44 thiI gyrI relAI

None 15

BAR207 E. coli galK galE lacZ leu phoR relA strA sucC
sucB supD43 supD74 trp, tsx

None 31a

DH5a E. coli pCLL2300 Kanamycin-resistant cloning vector None 33
DH5a E. coli pCLL3418 Transformant of MCQ-95 5.6 This study
BAR207 E. coli pCLL3419 Transconjugant of MCQ-102 5.4, 9.0 (ACT-1) This study
BAR207 E. coli pCLL3420 Transconjugant of MCQ-122 5.4, 9.0 (ACT-1) This study
DH5a E. coli pCLL3415 15-kb EcoRI fragment containing three

b-lactamases cloned from MCQ-95
in pCLL2300

5.4, 7.0, 9.0 (ACT-1) This study

DH5a E. coli pCLL3414 6-kb PstI fragment subclone from
pCLL3415 containing ACT-1

9.0 (ACT-1) This study

a Arabic numerals were used to designate strain types for E. coli, and Roman numerals were used to designate strain types for K. pneumoniae.
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Outer membrane protein analysis. Bacterial cell membranes were isolated as
described previously (1, 22). The outer membrane proteins were extracted with
a 1% solution of n-lauryl sarcosine (Sigma) in 0.05 M PO4 buffer (pH 7.0). Outer
membrane samples were separated by SDS-PAGE in a running buffer of 0.025 M
Tris, 0.19 M glycine, and 0.1% SDS (pH 8.3) with a 12% acrylamide, 0.12%
bisacrylamide gel and were visualized after staining with Coomassie blue.
Nucleotide sequence accession number. The nucleotide sequence data re-

ported here were submitted to the GenBank nucleotide sequence database, and
the sequence was assigned the accession number U58495.

RESULTS

Epidemiology. A cefotetan- and cefoxitin-resistant strain of
K. pneumoniae was first isolated at NYHMCQ in March 1994.
Subsequently, additional cefoxitin-resistant K. pneumoniae and
E. coli organisms were isolated from patients’ blood, sputum,
wounds, urine, and body fluids from August to October 1994.
The patients were from different units within the hospital.
Cefotetan and imipenem usage had remained constant during
1993 and 1994, and no other cephamycin or carbapenems were
used at NYHMCQ. In October 1994 it was noted that three of
the cephamycin-resistant K. pneumoniae isolates were also re-
sistant to imipenem. Each cefoxitin-resistant isolate except K.
pneumoniae MCQ-121 and MCQ-122 were isolated from a
different patient; strains MCQ-121 and MCQ-122 were ob-
tained from the same patient before and after treatment with
imipenem, respectively.
PFGE showed that there were five unique strain types

among the 6 clinical isolates of E. coli and four unique strain
types among the 12 isolates of K. pneumoniae (Table 1). For
the isolates of K. pneumoniae, PFGE strain type II was com-
mon to eight strains and consisted of four different subtypes.
Sequential patient isolates MCQ-121 and MCQ-122 had iden-
tical PFGE strain types, indicating that the strains were iden-
tical except for imipenem resistance in MCQ-122.

Susceptibility. The MICs of selected b-lactam antibiotics for
the clinical isolates, transconjugants, transformants, and clones
are given in Table 2. When using the criteria of the National
Committee for Clinical Laboratory Standards for intermediate
and resistance as conferring clinical resistance, the clinical
isolates of E. coli and K. pneumoniae were resistant to the
penicillins, the b-lactam–b-lactamase inhibitor combinations,
aztreonam, cefoxitin, cefotetan, and all cephalosporins except
cefepime. In addition, K. pneumoniae MCQ-102, MCQ-103,
and MCQ-122 were also resistant to imipenem. Also, several of
the clinical isolates of K. pneumoniae were resistant to all
commercially available non-b-lactam drugs except polymyxin
(data not shown).
The pI 9.0 b-lactamase plasmid in transconjugant strains

BAR207(pCLL3419) and BAR207(pCLL3420) conferred re-
sistance to ampicillin-sulbactam, cefoxitin, and cefotetan. The
transconjugants remained susceptible to piperacillin-tazobactam,
aztreonam, ceftazidime, and cefepime. Strain DH5a(pCLL3414)
containing the cloned pI 9.0 b-lactamase showed a similar pat-
tern of susceptibility, which showed that this b-lactamase pro-
vided selective resistance to penicillins and cephamycins.

b-Lactamase characterization. The pIs of the b-lactamases
present in crude extracts obtained from the clinical isolates are
shown in Table 1. All of the clinical isolates expressed a b-lac-
tamase with a pI of approximately 9.0. In addition, most strains
produced multiple enzymes, with as many as five different
enzymes in two strains (strains MCQ-95 and MCQ-111). The
enzymes produced included a b-lactamase with a pI of 5.4,
which correlated with the TEM-1 b-lactamase; a b-lactamase
with a pI of 5.6, which was consistent with a TEM-10 or
TEM-26 enzyme; a b-lactamase with a pI of 7.0; and a b-lac-
tamase with a pI of 7.6, which corresponded to an SHV-type

TABLE 2. MICs of b-lactam drugs

Strain
MIC (mg/ml)a

SAM TIM PIP PTZ ATM IPM CTT FOX CAZ CTX CRO CPM

MCQ-7 64 512 128 32 16 1 .128 .128 32 64 64 0.5
MCQ-11b 128 128 .512 32 .128 1 128 .128 .128 .64 .64 4
MCQ-13 128 128 128 64 32 #0.5 .128 .128 128 16 8 4
MCQ-14 64 64 64 32 8 #0.5 32 .128 32 16 8 2
MCQ-17 128 512 .512 32 .128 1 .128 .128 .128 64 64 8
MCQ-21 64 32 64 8 8 1 64 64 32 16 8 2
MCQ-95 64 .512 512 32 16 2 .128 .128 128 16 8 2
MCQ-102 .256 256 256 64 16 8 .128 .128 64 32 32 4
MCQ-103 .256 .512 .512 128 32 .16 .128 .128 .128 .64 64 16
MCQ-110 256 .512 .512 64 8 2 .128 .128 32 8 4 1
MCQ-111 256 256 512 32 64 2 32 .128 128 8 8 4
MCQ-112 .256 512 .512 32 32 2 .128 .128 .128 8 16 2
MCQ-113 .256 .512 .512 64 .128 2 .128 .128 .128 8 8 2
MCQ-114 128 256 .512 512 .128 #0.5 16 .128 .128 .64 .64 16
MCQ-117 256 512 .512 64 64 2 32 .128 .128 8 8 4
MCQ-120 256 256 .512 64 32 2 .128 .128 128 8 16 1
MCQ-121 256 .512 .512 128 64 1 .128 .128 64 64 64 2
MCQ-122 .256 .512 .512 256 32 16 .128 .128 32 64 .64 8
DH5a #1 4 #0.5 #0.5 #0.13 0.25 0.25 2 0.13 #1 0.03 #0.5
BAR207 1 2 #0.5 #0.5 0.25 #0.5 1 4 0.5 #1 0.13 #0.5
DH5a(pCLL3418) 2 16 64 #0.5 4 #0.5 0.5 4 16 #1 #1 #0.5
BAR207(pCLL3419 32 32 32 2 4 1 16 .256 8 #2 #2 #0.06
BAR207(pCLL3420) 32 32 16 2 4 1 16 .256 4 #2 #2 #0.06
DH5a(pCLL3415) 16 32 16 #0.5 2 #0.5 64 128 2 4 4 #0.5
DH5a(pCLL3414) 16 32 8 2 2 #0.5 32 .128 4 2 2 #0.5
PT4875 4 4 16 2 #0.13 0.25 #0.25 4 0.5 #1 0.06 #0.5

aMICs were determined by broth macrodilution tests (27). Abbreviations: SAM, ampicillin-sulbactam; TIM, ticarcillin-clavulanate; PIP, piperacillin; PTZ, piper-
acillin-tazobactam; ATM, aztreonam; IPM, imipenem; CTT, cefotetan; FOX, cefoxitin; CAZ, ceftazidime; CTX, cefotaxime; CRO, ceftriaxone; CPM, cefepime.
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b-lactamase. The presence of the pI 9.0 b-lactamase in the
transconjugants correlated with resistance to cefoxitin.
Following SDS-PAGE, the homogeneous pI 9.0 enzyme had

an apparent molecular mass of 43 kDa. On the basis of the
Vmax values (Table 3), this enzyme hydrolyzed cephaloridine 14
times faster than benzylpenicillin. Cefoxitin was hydrolyzed
8-fold faster than cefotetan and 18-fold faster than imipenem.
This b-lactamase had lower Km values for cefoxitin, cefotetan,
and imipenem than for cephaloridine or benzylpenicillin. Fur-
thermore, the affinity of the pI 9.0 b-lactamase for cefepime
was quite low (Km 5 1,040 mM) and resulted in the lowest
hydrolytic efficiency for the substrates with measurable rates of
hydrolysis. The inhibition profile showed that the pI 9.0 b-lac-
tamase was not inhibited well by any of the b-lactamase inhib-
itors tested. Therefore, the pI 9.0 b-lactamase is a cephalo-
sporinase which is not inhibited by clavulanic acid and
therefore belongs in functional group 1 (6).
Nucleotide sequencing. In an initial attempt to clone the pI

9.0 b-lactamase, a 15-kb EcoRI fragment from a preparation of
chromosomal DNA was cloned into pCLL2300 and was des-
ignated pCLL3415. IEF revealed that this clone produced
three b-lactamases with pIs of 5.4, 7.0, and 9.0 (Table 1).
Subsequently, a subclone was made by using PstI. A strain with
the resulting plasmid, pCLL3414, containing a 6-kb insert ex-
pressed only the pI 9.0 b-lactamase. This clone was then used
for nucleotide sequencing.
The nucleotide sequence for the cloned pI 9.0 b-lactamase

from K. pneumoniae MCQ-95 in E. coli DH5a(pCLL3414)
(Fig. 1) revealed an open reading frame 1,143 bp in length. The
derived amino acid sequence of the b-lactamase (Fig. 2) shows
the presence of a novel AmpC-type b-lactamase 381 amino
acids in length that was named ACT-1, for AmpC-type b-lac-
tamase. The blaACT-1 b-lactamase gene is 94% homologous to
the 150 bp of sequence available for the MIR-1 b-lactamase
gene (28). It also shares 86, 73, and 71% identities with the
ampC b-lactamase genes from E. cloacae P99 (12), Citrobacter
freundii OS60 (21), and E. coli K-12 (19), respectively. There
was similar homology on the amino acid level. Thus, it appears
that ACT-1 originated from an E. cloacae AmpC b-lactamase.
blaACT-1 gene location. To determine if the gene encoding

the ACT-1 b-lactamase was located on a plasmid, Southern
blot analysis was performed with DNA obtained from plasmid
and also from chromosomal preparations. The ACT-1 probe
hybridized to the chromosomal preparations of all of the E.
coli and K. pneumoniae clinical isolates (data not shown) but
not to control strains PT4875 and DH5a. In addition, the

probe hybridized to a large (.50 kb) plasmid in K. pneumoniae
strains of PFGE strain types II and IV. There was no hybrid-
ization to plasmids in any of the E. coli strains or in K. pneu-
moniae strain type I or III.
In a further attempt to demonstrate the presence of the

blaACT-1 gene on a plasmid, filter mating was performed with
two strains of K. pneumoniae from each of the four PFGE
strain types. Transconjugants could be selected from strain
types II [designated BAR207(pCLL3419)] and IV [designated
BAR207(pCLL3420)], which produced a pI 5.4 b-lactamase
plus ACT-1 (Table 1). No transconjugants were obtained from
the E. coli strains or K. pneumoniae strain types I and III.
Plasmid DNAs from the E. coli strains and K. pneumoniae
strain types I and III were transformed into a susceptible E. coli
host, and transformants [represented by DH5a(pCLL3418)] se-
lected with ampicillin expressed only the pI 5.6 b-lactamase.
These studies indicated that ACT-1 is plasmid mediated in
some, but not all, of the K. pneumoniae strains.
Outer membrane protein analysis. Because the substrate

profile of ACT-1 indicated that hydrolysis of imipenem by the
b-lactamase alone should not confer resistance to K. pneu-
moniae, outer membrane protein profiles were analyzed. This
was done because the combination of an AmpC b-lactamase
plus the loss of an outer membrane protein has been shown to
confer imipenem resistance in Enterobacter (9, 10, 20, 31, 39).
As shown in Fig. 3, the susceptible strains of K. pneumoniae
expressed two outer membrane proteins, one major band of
approximately 42 kDa and a minor band of 40 kDa. K. pneu-
moniae MCQ-102, MCQ-103, and MCQ-122 were missing the
major 42-kDa protein band. The loss of this outer membrane

FIG. 1. Nucleotide sequence of blaACT-1 b-lactamase gene. Underlined nu-
cleotides indicate start and stop codons.

TABLE 3. Substrate and inhibition profiles of purified ACT-1 b-
lactamase

Substrate Relative Vmax Km (mM) Relative Vmax/Km IC50 (nM)a

Cephaloridine 100 380 100 NDb

Benzylpenicillin 7.1 10 240 ND
Cefoxitin 0.11 3.7 9.9 ND
Cefotetan 0.014 2.5 2.1 ND
Imipenem 0.006 7.5 0.26 ND
Cefepime 0.059 1,040 0.02 ND
Cefotaxime 0.006 7.0 0.29 ND
Aztreonam ,0.1 NCc NC ND
Clavulanate ND ND ND 52,000
Sulbactam ND ND ND 2,600
Tazobactam ND ND ND 1,300

a IC50, 50% inhibitory concentration.
b ND, not determined.
c NC, not calculated (rates were too slow to obtain reliable values).
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protein band correlated with imipenem resistance in these
strains (Table 2).

DISCUSSION

Several plasmid-mediated AmpC b-lactamases have been
described previously; however, only the MIR-1 (28) and the
ACT-1 enzymes appear to have originated from the AmpC
enzyme of E. cloacae. The BIL-1 (11, 29), CMY-2 (3), LAT-1
(40), and LAT-2 (13) b-lactamases were derived from C. freun-
dii, whereas CMY-1 (4), FOX-1 (14), and MOX-1 (16, 17)
originated from the Pseudomonas aeruginosa AmpC b-lacta-
mase. The increasing frequency of occurrence of clinical iso-
lates expressing a plasmid-mediated group 1 b-lactamase (18)
is troublesome because the ACT-1 enzyme found in our K.
pneumoniae and E. coli isolates conferred resistance to the
cephamycins. This was in addition to resistance to the expand-
ed-spectrum b-lactam drugs provided by the presumed extend-
ed-spectrum TEM and SHV b-lactamases also found in these
strains, resulting in resistance to all cephalosporins except
cefepime.
The fact that the ACT-1 b-lactamase gene is found on the

chromosomes of some strains but on a plasmid in other strains
suggests that the blaACT-1 gene is located on a transposon
which is easily mobilized from plasmid to chromosome and
vice versa. In addition, the ACT-1 b-lactamase was initially
cloned on a 15-kb piece of DNA which also contained genes

for two other b-lactamases having pIs of 5.4 and 7.0. It is
possible that the three b-lactamase genes are all contained
within a single transposable element.
In this study the loss of a single major outer membrane

protein in clinical isolates of K. pneumoniae correlated with
resistance to imipenem when it occurred in a strain expressing
the ACT-1 b-lactamase. The PFGE experiments demonstrated
that strains MCQ-121 and MCQ-122, which were obtained
from a single patient before and after imipenem therapy, re-
spectively, were indistinguishable. Therefore, imipenem resis-
tance in strain MCQ-122 is most likely due to the outer mem-
brane protein alteration, which is the only observed difference
between the two strains. This result is consistent with previous
reports in which the imipenem-resistant strains Enterobacter
aerogenes, E. cloacae, and Providencia rettgeri constitutively
produced high levels of the AmpC b-lactamase and lacked a
major outer membrane protein (9, 10, 20, 31, 39).
Increased b-lactam resistance due to outer membrane pro-

tein mutations in K. pneumoniae have been reported previously
(8, 23, 34, 42, 43). Cefamandole and cefoxitin MICs were
increased for strains expressing a broad-spectrum b-lactamase
and lacking a 40-kDa outer membrane protein (42). Chen and
Livermore (8) used cefoxitin to select mutants of K. pneu-
moniae expressing SHV-1 which had lost a 40-kDa doublet of
outer membrane proteins (8). The loss of a 41-kDa outer
membrane protein resulted in resistance to cefoperazone-sul-
bactam in strains expressing TEM-2, as reported by Rice et al.
(34). In studies by Martı́nez-Martı́nez et al. (23) and Vatopou-
los et al. (43), SHV-5-producing strains of K. pneumoniae with
altered 35- to 40-kDa outer membrane proteins had increased
resistance to cefotaxime and cefoxitin. However, in each of
those studies the MICs of imipenem remained low. Therefore,
it appears that the type of b-lactamase present in the parent
strain dictates the spectrum of resistance which will occur in
the outer membrane protein-deficient strain. In the imipenem-
resistant strains in this study, the ACT-1 b-lactamase was not
sufficient to confer resistance, as demonstrated by susceptibil-
ity tests with transconjugant strains and clones. However, when
combined with the presumed decreased permeability provided

FIG. 2. Derived amino acid sequence of the ACT-1 b-lactamase compared to
those of selected other group 1 enzymes. Alignment of the deduced amino acid
sequence of the ACT-1 b-lactamase with the AmpC b-lactamases of E. cloacae
(AmpC Ent cl) (12), C. freundii (AmpC Cit fr) (21), and E. coli (AmpC E. coli)
(19) and the MIR-1 b-lactamase (28). Dots indicate identical amino acids at that
residue, hyphens indicate no amino acid residue present at that position, whereas
asterisks indicate no amino acid sequence data available for those residues.

FIG. 3. Outer membrane protein profile of K. pneumoniae clinical isolates
expressing ACT-1. Outer membrane proteins were run by SDS-PAGE in 12%
acrylamide. Lane 1, Bio-Rad low-molecular-weight standard; lane 2, MCQ-95;
lane 3, MCQ-102 (imipenem resistant); lane 4, MCQ-103 (imipenem resistant);
lane 5, MCQ-110; lane 6, MCQ-111; lane 7, MCQ-112; lane 8, MCQ-113; lane
9, MCQ-114; lane 10, MCQ-117; lane 11, MCQ-120; lane 12, MCQ-121; lane 13,
MCQ-122 (imipenem resistant); lane 14, PT 4875 (imipenem-susceptible control
strain); lane 15, molecular size standard.
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by the outer membrane protein mutation, the enzyme can
sufficiently protect the cell from the killing action of imipenem.
This outer membrane protein may have different rates of up-
take of the various b-lactam antibiotics and may even be a
preferential porin for carbapenems.
Imipenem resistance in K. pneumoniae is a particularly dis-

turbing development in the world of antibiotic resistance. For
many strains expressing multiple AmpC types and extended-
spectrum b-lactamases, imipenem was the only therapeutic
option for serious infections. Now Klebsiella has been added to
the growing list of pathogens which are susceptible to a very
limited number of antibiotic therapies.
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